Human aging cannot be fully understood in terms of the constrained genetic setting. Epigenetic drift is an alternative means of explaining age-associated alterations. To address this issue, we performed whole-genome bisulfite sequencing (WGBS) of newborn and centenarian genomes. The centenarian DNA had a lower DNA methylation content and a reduced correlation in the methylation status of neighboring cytosine-phosphate-guanine (CpGs) throughout the genome in comparison with the more homogeneously methylated newborn DNA. The more hypomethylated CpGs observed in the centenarian DNA compared with the neonate covered all genomic compartments, such as promoters, exonic, intronic, and intergenic regions. For regulatory regions, the most hypomethylated sequences in the centenarian DNA were present mainly at CpG-poor promoters and in tissue-specific genes, whereas a greater level of DNA methylation was observed in CpG island promoters. We extended the study to a larger cohort of newborn and nonagenarian samples using a 450,000 CpG-site DNA methylation microarray that reinforced the observation of more hypomethylated DNA sequences in the advanced age group. WGBS and 450,000 analyses of middle-age individuals demonstrated DNA methylomes in the crossroad between the newborn and the nonagenarian/centenarian groups. Our study constitutes a unique DNA methylation analysis of the extreme points of human life at a single-nucleotide resolution level.
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epigenomics | longevity D uring human aging, progressive impairment of organ and tissue functionality leads to an increasing probability of death. The molecular culprits behind this decline in physiological activities remain largely unknown. Studies of transcriptional and genomic associations in distinct tissues have identified several gene families and cellular pathways that might contribute to aging and alter lifespan. These families include the Sirtuins, DNA repair enzymes, insulin-signaling pathway/forkhead transcription factors, apolipoproteins, telomere biology, and oxidative damage/ mitochondrial metabolism (1, 2) . Aging-associated mechanisms apparently involve many networks within a given cell. Considering that epigenetic regulation has emerged as a critical driver of cell fate and survival that targets many pathways (3, 4) , that epigenetic drift can occur even in genetically identical humans (5, 6) , and that DNA methylation patterns are disrupted in a wide range of common human diseases (7-11), we wondered whether individuals at the most extreme points of their lifespan had different DNA methylomes. To address this issue, we used whole-genome bisulfite sequencing (WGBS) (12) (13) (14) (15) (16) ) and a 450,000 CpG DNA methylation microarray to examine the DNA methylation profiles of newborn and nonagenarian/centenarian samples.
Results and Discussion WGBS of Newborn and Centenarian DNA. The initial data were generated from the cord blood of a newborn (male Caucasian; NB) and from a centenarian (103-y-old male Caucasian; Y103) using DNA extracted from CD4 + T cells processed through an Illumina Genome Analyzer. The use of the Illumina HumanOmni5-Quad BeadChip, which covers 4,301,332 SNPs, demonstrated the absence of aneuploidy in the samples studied (Fig.  S1) . None of the identified differential SNPs was associated with DNA methyltransferases or methyl-group metabolic enzymes.
For WGBS, we generated 575M and 576M raw reads resulting in 51.79 (NB) and 51.85 (Y103) raw Gb of paired-end sequence data. Of these, 44.48 (NB) and 43.55 (Y103) Gb (86.68% and 85.27%, respectively) were successfully aligned to either strand of the reference genome (HG19), providing an average 13.4-fold (NB) and 13.06-fold (Y103) sequencing depth. Of all cytosines present in the reference genome sequence, 92.2% (NB) and 91.6% (Y103) of Cs and 93.9% (NB) and 93.5% (Y103) of CGs were covered. Based on alignment with in silico converted non-CpG cytosines, the bisulfite conversion rate was determined to be at least 99.34% (NB) and 99.24% (Y103), even when assuming that all non-CpG methylcytosines were derived from conversion failure; this ensured reliable ascertainment of CpG methylcytosines with a false-positive rate of < 0.5%. The full set of WGBS data from NB and Y103 is illustrated in Fig. 1A , using Circos (17) .
We observed that the centenarian DNA had 494,595 less methylated CpG dinucleotides (mCpGs) than did the newborn DNA (16,775,090 vs. 16,280 ,495 on the Watson and Crick strand, respectively) (Fig. 1B) . Moreover, the average methylation level of all covered CpG sites was lower in the centenarian sample (73.0%) than in the newborn one (80.5%) (Fig. 1B) . This finding was observed for all chromosomes (Fig. 1A) . Strikingly, when we developed WGBS (51.60 Gb; 574M raw reads; 82.7% mapped) of an additional sample of intermediate age (26-y-old Caucasian; Y26) (Fig. 1A) , we detected intermediate CpG methylation levels (77.8%) and also an intermediate number of methylated CpGs (16, 708, 411) (Fig. 1B) . Illustrative CpG methylation levels for single chromosomes are shown in Fig. 1C . The centenarian DNA (Y103) also showed a lower correlation in terms of the methylation status of nearby CpGs than the neonate sample (Wilcoxon test, P < 2.2 × 10 −16 ) (Fig. 1D) . The biological significance of this relative lack of neighbor site methylation concordance in the centenarian vs. the newborn might relate to a deficient targeting by the enzymes that add (DNA methyltransferases) or remove (tet methylcytosine dioxygenases) methy-groups, although its stochastic nature or occurrence across particular chromatin domains should be elucidated in future studies. Interestingly, the curve of the distance correlation between closest CpG sites of the WGBS of the intermediate age sample (Y26) appeared between the newborn and centenarian DNAs (Fig. 1D) . From a functional genomics standpoint, the unmethylated CpGs observed in the centenarian DNA covered all genomic compartments, such as promoters (± 2 kb around the transcription start site), exonic, intronic, and intergenic regions (for each region: Wilcoxon test,
) (Fig. 1E ). When we subclassified the promoters according to their CpG content, we found that the centenarian DNA compared with the newborn sample exhibited more unmethylated CpGs at CpG-poor promoters (Wilcoxon test, P < 2.2 × 10
−16
) and more methylated CpGs at CpG island promoters (Wilcoxon test, P = 1.721 × 10 −07 ) (Fig. 1F) . CpG sites in CpG island "shores," extensively studied regions of comparatively low CpG density within 2 kb of CpG islands (15, 18, 19) , also mostly had a more unmethylated status in the Y103 sample (Wilcoxontest, P < 2.2 × 10 −16 ) (Fig. S2) .
Identification of Differentially Methylated Regions. The discrepancies between the newborn and centenarian DNA methylomes prompted us to search for particular differentially methylated regions (DMRs). We identified DMRs by considering all nonpolymorphic CpG dinucleotides (those that presented an identical genotype at this position in both analyzed samples) and searching for maximal length sequences of consecutive CpGs with a consistent direction of methylation change between the two samples for all CpGs in the region, and where the first and last CpG dinucleotides of the region containing at least five CpGs had a χ 2 value of >3.84 for differential methylation, corresponding to a value of P < 0.05 for both residues. Using these criteria, we identified 17,930 DMRs between NB and Y103; these are illustrated for chromosome 2 in Fig. 2A using Circos (17) and are listed in detail in Dataset S1. The DMRs represent 617,338 CpG sites in the reference genome that are distributed across all human chromosomes (Fig. S3 ). DMRs were identified in promoter (10.2%), exonic (10.1%), intronic (45.3%), and intergenic (34.4%) regions (Fig. 2B ). Among these latter sequences, the most common DMR-associated intergenic sequences were LINE 1 repeats (3,777), Alu repeats (3,242), mammalian interspersed repeats (MIRs) (1,890), mammalian apparent LTR-retrotransposons (1,448), and LINE 2 repeats (1,321) (Fig. S4A ). These data are consistent with previous observations using candidate-sequence approaches that show an aging-progressive loss of DNA methylation in Alu and LINE-1 repetitive elements (20, 21) . Quantitative real-time RT-PCR analyses for Alu (22) and MIR transcripts, showed an increase in the expression of these repetitive sequences in the Y103 sample compared with the newborn ( CNVs were observed in NB and Y103, which are values within the reported range for the general population (24). As described above for the WGBS data, the most common DMR change was the presence of an unmethylated sequence in the centenarian that was methylated in the newborn: in Y103, 87% (15,669) of the DMRs corresponded to more unmethylated sequences, and the remaining 13% (2,261) of them represented more methylated sequences (Fig. 2C) . Using the EpiGRAPH software (25) , the hypomethylated DMRs in the centenarian compared with the neonate were found to be enriched not only for the previously mentioned DNA repetitive elements (Wilcoxon test, P < 8.9 × 10 −16 ), but also for the repressive promoter-associated histone marks (K27H3me2, K9H3me2, and K9H3me3; P < 2.2 × 10 −16 ), previously determined by chromatin immunoprecipitation-sequencing of CD4 + T cells (26) . The DMRs corresponding to more methylated CpGs in the centenarian were enriched for CpG islands (Wilcoxon test, P < 2.2 × 10 −16 ). In this context, the differences in the DNA methylation patterns were particularly marked in the case of DMRs located in promoter sequences (1, 875) , with respect to their CpG content: CpG-poor promoters had more unmethylated sequences in 83% (671 of 811) of associated DMRs in the centenarian DNA, and reduced methylation was observed in 55% (585 of 1,064) of the DMRs located in promoter CpG islands (χ 2 test, P < 2.2 × 10 −16 ) (Fig. 2C) . We made the same observation even at the whole-genome level, using the National Center for Biotechnology Information reference sequences: CpG-poor promoters were enriched in more hypomethylated DMRs (671 of 16,631) in the centenarian vs. the newborn compared with the annotated CpG island promoters (585 of 23,139) (χ 2 test, P < 3.1 × 10 −16 ). We also analyzed the DMR data with respect to the expression profile of the associated genes obtained from the tissue-specific gene expression and regulation (TiGER) database (27) . Considering the expression profile, genes with restricted tissue-specific expression more commonly had DMR hypomethylated sequences in the Y103 sample vs. the NB sample (87%, 56 of 64) than did housekeeping genes (66%, 1,200 of 1,811) (χ 2 test, P < 6.4 × 10 −4 ) (Fig. 2C) . Quantitative real-time RT-PCR analyses for eight randomly selected genes with tissue-specific expression and a hypomethylated DMR in their gene promoter showed an increase in gene expression in the Y103 sample compared with the newborn (Fig. S4C) . These results suggest that the centenarian CD4 + T-cell sample had a lower DNA methylation content at CpG-poor promoters, which might be associated with an inappropriate expression of tissue-specific genes, but a subset of ubiquitously expressed genes had an enriched DNA methylation status at their CpG island promoters.
DNA Methylation Map of 450,000 CpG Sites in Newborns and
Nonagenarians. We sought to extrapolate our WGBS data and their corresponding derived DMR analyses to a larger collection of newborn and centenarian samples. We used a newly developed DNA methylation microarray that assays the DNA methylation status of 450,000 CpG sites (28, 29) . The platform is an extension of other DNA methylation microarrays, such as those for 1,500 CpG (30-33) and 27,000 CpG (34, 35) sites, which have been used to characterize age-related DNA methylation changes (32) (33) (34) (35) (36) . These microarray platforms produce accurate DNA methylation data at a similar level to other approaches, such as methylated DNA immunoprecipitation sequencing, methylated DNA capture by affinity purification, or reduced-representation bisulfite sequencing (37) .
The methylation levels obtained from all 450 K CpG sites included in the microarray significantly correlated with those values obtained from the WGBS technology (Pearson correlation, r 2 = 0.94, P < 0.01) (Fig. S5A) . Among the 17,930 WGBSderived DMRs, 2,337 DMRs (corresponding to 3,205 CpG sites) were also represented by at least one CpG site using the 450 K platform. These 450 K-DMRs are illustrated for NB and for Y103 in Fig. S5B using Circos (17) and are listed in detail in Dataset S2. For the WGBS-derived DMRs from the NB and the Y103 samples, we also observed a strong correlation with their methylation levels detected at the corresponding CpG sites using ) (Fig. 3A) . In detail, from the differentially methylated CpG sites present on the 450 K array, 87.3% (2,797 of 3,205) revealed concordant directional changes between the platforms. For subsequent analysis only doublevalidated CpG sites that passed a threshold of a 0.20 change in β-values were used (1,149 CpG sites), representing 878 WGBSDMRs. This was not an independent validation set of the WGBS-derived methylation signature, but instead was a technical validation of the results obtained from both platforms. All of these 1,149 CpG sites were concordant between both platforms and were associated with 615 genes. The 450 K DNA methylation microarray also confirmed the lower correlation in the methylation status of nearby CpGs within the Y103 sample in comparison with NB that we observed with the WGBS methodology (Fig. 3B) . We then analyzed in more detail five randomly selected candidate promoters that were associated with double-validated (WGBS+450 K) DMRs. Targeted bisulfite genomic sequencing of multiple clones and pyrosequencing were used to determine the DNA methylation status; quantitative real-time RT-PCR was used for the expression analyses. Having previously observed that the most frequent DNA methylation change in the centenarian was the aforementioned lower level of methylation at CpG-poor promoters, we observed the same trend in the AIM2 (absent in melanoma-2) and TNFRSF9 coding genes and in the miR-21 locus (Fig. S5C) . Importantly, in the centenarian DNA these unmethylated sequences were associated with higher levels of expression of each gene than in the newborn sample (Fig. S5D) . For other, less frequently observed epigenetic drifts in the centenarian DNA, such as an increase (e.g., IGSF9B) or a decrease (e.g., PTPRE) in DNA methylation of CpG islands promoters, the single-locus DNA methylation analyses also confirmed the WGBS and 450 K results (Fig. 3C ) and corroborated the association with the corresponding transcript levels (Fig. S5D) .
Once we had characterized the DNA methylomes of NB and Y103 by WGBS, identified their DMRs and validated them in the 450 K platform, we extended the study to a larger set of individuals at either extreme of age: very young and very old. Thus, we generated 450 K DNA methylation microarray data using DNA extracted from 19 newborns (cord blood, Caucasians) and 19 nonagenarians [peripheral blood mononuclear cells (PBMCs), Caucasians, mean age: 92.6-y-old, range: 89-100 y old]. Unsupervised clustering analysis of 4,301,332 SNPs failed to distinguish the neonate and nonagenarian groups (Fig. S5E ). An average of 88 and 92 CNVs were observed for the newborn and nonagenarian groups, respectively; these values are within the reported range for the general population (24) . Aneuploidy was not observed in any case. To avoid any incorrect DNA methylation call in the 450 K microarray because of SNPs that were within the probe site, we excluded all probes containing SNPs with annotation in the University of California at Santa Cruz browser (190,490 CpG sites) (Dataset S3) from further analysis. We also excluded all CpG sites present in the X and Y chromosomes (11, 135 and 460 CpG sites, respectively) to avoid sex-related DNA methylation differences.
The DNA methylation microarray analyses of each group confirmed the lower correlation in the methylation status of nearby CpGs in the nonagenarian group in comparison with the newborn group (Wilcoxon test, P < 2.2 × 10 −16 ) (Fig. 4A) , as we had previously found in the Y103 centenarian sample (Figs. 1D  and 3B ). The different shape of the curve is attributable to the absence of a large number of CpGs located in repeats and intergenic regions that are detectable by WGBS, but which are not printed in the 450 K DNA methylation array. Using unsupervised hierarchical clustering of the 283,579 CpGs present in the 450 K methylation array (after exclusion of the SNP-associated and X and Y chromosome CpG sites), the newborn and nonagenarian groups were found to cluster separately (Fig. 4B) . Using the 1,149 technically double-validated CpG sites located in WGBS-derived DMRs, we also encountered significant differential DNA methylation patterns between the newborn and nonagenarian groups (multiscale bootstrap resampling, n = 1,000, P < 0.0001), which enabled them to be distinguished by the hierarchical clustering approach (Fig. 4 C and D) . In particular, from those technically double-validated CpG sites derived from WGBS (that were not obtained from any independent validation set), we obtained 214 CpG dinucleotides (165 DMRs) that distinguished the two groups (Fig. 4 C and E) . These "differentially methylated CpG sites" (dmCpGs) were identified using a threshold of 0.20 change in average β-values and a false-discovery rate (FDR) below 0.01 in the ANOVA test adjusted for multiple hypothesis testing when comparing both sets of cases. We further validated the differential DNA methylation status of the identified CpG sites by bisulfite genomic sequencing of multiple clones and pyrosequencing of the described WGBS-derived candidate genes (AIM2, TNFRSF9, IGSF9B, and PTPRE) in five newborn and five nonagenarian samples (Fig. S6) . We also confirmed the differential DNA methylation status of two additional dmCpG-associated genes: ZRP-1 (Zyxin-related protein-1) and FHL2 (Four-and-a-half LIM Domains 2) (Fig. S6) .
When we included all of the studied 283,579 CpG sites of the microarray, we found 5,774 additional CpG sites (450K-dmCpGs) that were differentially methylated between the newborn and nonagenarian groups (0.20 change in average β-values, ANOVA test FDR < 0.01), which also enabled them to be distinguished by the hierarchical clustering approach (Fig. 4F) . The 450K-dmCpGs were identified in promoter (24%), exonic (17%), intronic (56%), and intergenic regions (3%) (Fig. 4G) . As we also previously observed for NB and Y103, quantitative real-time RT-PCR analyses for Alu and MIR transcripts showed an increase in the expression of these hypomethylated repetitive sequences in nonagenarian samples compared with a newborn (Fig. S7) . We confirmed the differential DNA methylation status of four 450K-dmCpG associated genes: PLCH1 (Phospholipase C eta 1), EXTL1 (Exostoses multiple-like 1), SLAMF7 (SLAM family member 7), and IL1R2 (Interleukin 1 Receptor type II) (Fig. S8) .
The 450K-dmCpGs identified in newborn and nonagenarian groups mimicked the CpG content-DNA methylation changes observed in the WGBS-DMRs. The most common 450K-dmCpG change was the presence of an unmethylated CpG in the nonagenarian group that was methylated in the newborn set: in the aged group 88% (5,073 of 5,774) of the 450K-dmCpG corresponded to more unmethylated CpGs (Fig. 4G) . Considering only the 450K-dmCpG in promoters (2,138 CpG sites), the lower level of DNA methylation was especially evident in CpG-poor promoters (χ 2 test, P < 2.2 × 10 −16 ). In the nonagenarian DNAs, an unmethylated CpG dinucleotide in these loci was observed in 93% (1,812 of 1,944) of cases, whereas a methylated CpG was seen in 58% (113 of 194) of CpG island promoters (Fig. 4G) .
We performed an ANOVA for each of the 5,988 age-related CpG site (214 dmCpGs from WGBS + 5,774 from the 450 K array) in the newborn and nonagenarian groups to evaluate the ratio of intergroup and intragroup variability. CpG sites showed little variation within the groups but differed between the newborn and nonagenarian groups (ANOVA, FDR-corrected P < 8.8 × 10
−4
). Furthermore, we randomly split our two original sample groups into training and test subsets. The cluster was derived from each training subset using a hierarchical cluster with a complete link type, calculating Euclidean distances between samples. This cluster model was then successfully applied to each test subset.
CpG-methylated sequences in nonagenarians, in comparison with the newborn group, were significantly more likely to occur in gene promoters with enriched Polycomb occupancy (χ 2 test, P = 2.2 × 10 −16
) (38) , and a bivalent histone domain (K4H3me3 + K27H3me3) present in hematopoietic stem cells (χ 2 test, P = 0.0029) (39) , as has recently been suggested (33) (34) (35) (36) . We were also encouraged by the fact that one-fifth of the age-related DNA methylation changes previously identified using the 1,505 CpG (32, 33) or 27 K CpG (34-36) DNA methylation platforms were also observed in our promoter dmCpGs. Among these, we may note GLRA1 (Glycine receptor α-1 subunit) and ASCL2 (Achaete-Scute homolog 2) for the hypermethylated genes in the nonagenarians vs. the neonates. Representative examples of the hypomethylated genes in the nonagenarians vs. the newborns include HLA-DPA1 (Major Histocompatibility Complex Class II DP α-1), PXN (Paxillin), and Complexin 2 (CPLX2). With respect to suspected aging targets and pathways derived from gene-association and functional studies (1, 2), we identified age-associated DMRs in the promoter regions of Sirtuin 5 (SIRT5), Sirtuin 7 (SIRT7), and insulin-like growth factor binding protein 4 (IGFBP4). The roles of the sirtuins and insulin/insulin-like growth factor signaling in the modulation of lifespan are well established, and their genes and proteins are part of interconnected pathways (1, 2) . Gene-set enrichment analysis using ranked methylation differences between the newborn and the nonagenarian group in the 5,988 age-related CpG sites revealed significant enrichment only in one dataset: genes with differential expression in aging hematopoietic progenitor cells (FDR, q = 0.036) (40) . The list of dmCpGs in promoters is provided in Dataset S4.
Although our study focused on the most extreme ages of the human lifespan, we also wondered about the natural history of the observed DNA methylation changes, particularly if a progressive gradient of epigenetic drift occurred during the aging process (30) (31) (32) (33) (34) . The 450 K DNA methylation microarray analysis of an additional cohort of 19 PBMCs from healthy donors with an average age of 59.8 y showed that, in this middle-aged group, 70% (4,179 of 5,988) of the CpGs found to differ between the newborn and the nonagenarian had intermediate levels of CpG methylation (ANOVA, P < 0.05) (Fig. S9 ), but only 2% (133) and 28% (1, 692) were closer to the newborn or nonagenarian subsets, respectively. Using a lower CpG coverage platform (27, 578 CpG site microarray), 1,030 CpG sites were previously identified as undergoing a major DNA methylation change in the first year of life, possibly related to maturation of the immune system (41) . Of those 1,030 CpG sites, 987 (96%) are also included in the 450 K microarray used herein. Most importantly, only 5.9% (58 of 987) of those CpG sites were present in our observed newborn/nonagenarian-discriminating CpG sites. An evaluation of the frequency of biological process term annotations from the Gene Ontology (GO) database (SI Materials and Methods) at the GO level 5 demonstrated that our described age-related hyper-and hypomethylated CpG sites in the gene promoters occurred throughout a wide spectrum of biological processes (Dataset S5). Thus, our results support a model of small cumulative DNA methylation changes during a lifetime. In summary, we are unique in reporting the complete DNA methylomes of CD4 + T cells from newborn and centenarian individuals. The unmasked DNA methylation landscape shows that DNA obtained from a 103-y-old donor was more unmethylated overall than DNA from the same cell type obtained from a neonate. Furthermore, the centenarian samples showed a lower correlation in terms of the methylation status of neighboring CpGs in comparison with the newborn sample, which was more homogenously methylated in nearby located CpGs. The hypomethylated CpGs observed in the centenarian DNAs compared with the neonates covered all genomic compartments, such as promoters, exonic, intronic, and intergenic regions. From a gene-regulatory point of view, one of the main epigenetic features of the centenarian sample is its low DNA methylation density at CpG-poor promoters and tissue-specific genes. These findings have been validated in a larger cohort of newborn and nonagenarian individuals using a 450 K CpG DNA methylation microarray. Our results demonstrate that the DNA methylomes at the two extremes of the human lifespan are distinct.
Materials and Methods
Peripheral blood was obtained from healthy donors or from umbilical cord blood from newborns. Written informed consent was obtained from the individuals or their parents, respectively. To separate CD4 + cells CD4 + T-cell Isolation kit II (Miltenyi Biotec) was applied following the manufacturer's instructions. RNA and DNA were extracted using TRIzol (Invitrogen) and Phenol:Chloroform:Isoamylalcohol (Sigma), respectively. Bisulfite modification of genomic DNA was carried out with the EZ DNA Methylation Kit (Zymo) following the manufacturer's protocol. DNA methylation status was established by WGBS (13), 450 K CpG site microarray analysis (28) , and bisulfite genomic sequencing (33) and pyrosequencing (33) of candidate genes. Expression of mRNAs was determined by real-time RT-PCR. Additional experimental details are provided in SI Materials and Methods. Bisulfite sequencing primers are listed in Table S1 .
